Temperature dependence of the carbon content before and after ultrasonic cleaning (u.c.) for the shell part and core part of reduced iron obtained by heating Mt. Newman ore-coke char composite pellets. 
Introduction
The studies on the reduction of iron ore have mainly focused on the gas-solid reactions in the massive zone of blast furnaces and shaft furnaces in the direct reduction processes, i.e. Midrex and HyL II processes. Recently, various types of the new processes [1] [2] [3] [4] [5] have been developed to produce reduced iron by heating mixtures of iron ore with carbonaceous materials such as coal, coke and coal char for a short time, e.g. about 10 min. Processes for producing slag free iron nuggets or pebbles, furthermore, are being developed by heating the mixtures up to an elevated temperature enough to melt not only reduced-iron but also slag. For making the processes highly efficient and highly productive, the fundamental studies [6] [7] [8] [9] [10] concerning rapid reactions in the mixtures heated at elevated temperatures have been needed. Furthermore, some trials to utilize the mixtures as a burden for blast furnaces have been made by strengthening the mixtures by cementing powdery iron ore with fused coal 11, 12) or Portland cement. 13) The reactions in the mixtures of iron ore with carbonaceous materials are classified 8) in the indirect reactions including indirect reduction reactions and the gasification reactions as gas-solid reaction, and the direct reactions of iron oxides with carbon as solid-solid reaction. Studying in more detail the mechanism of the direct reactions and the relationship between the direct reactions and the indirect reactions are further needed.
In order to clarify the relative contribution of the direct reactions and to know the melting starting temperature of reduced iron, in this study, the carbon content of reduced iron which were produced by heating iron ore-carbon composite pellets are measured. The carbon content is generally measured by EPMA. 1) But the morphology of carburized reduced-iron is a mixture of ferrite, cementite and perlite at room temperature and EPMA is low sensitive to the low atomic number elements such as carbon. Therefore, using EPMA is not necessarily suitable for measuring the content of carbon for reduced iron. In this study, the reduced iron was cleaned in ethanol under ultrasonic vibration to remove attached carbon particles and then analyzed for carbon content by the combustion method, which is a very correct and established method to measure the average content of carbon. The reaction pattern in the composite pellets is heterogeneous, which start from the exterior surface and propagate inwards. Thus, the carbon contents of the reduced iron Nagoya Institute of Technology, Materials Science and Engineering, Gokiso-cho, Showa-ku, Nagoya 466-8555 Japan. 1) Former Graduate Student, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya 466-8555 Japan. Now at Toyoda Machine Works, Ltd., 1, Asahi-cho 1 chome, Kariya, Aichi 448-8652 Japan. Using coal char, coke and graphite, carbon composite iron ore pellets of 18 mm in diameter with the mixing ratio of [reducible oxygen mol(O)]/[fixed carbon mol(C)]ϭ1 were prepared inside a rotating tire. The pellets were heated in nitrogen at 1 150-1 380°C until reactions just finished. The reacted pellet was separated into a shell part and a core part. The pulverized shell and core parts were repeatedly cleaned in ethanol under ultrasonic vibration to thoroughly remove attached carbon particles. The content of carbon dissolved in reduced iron was measured by analyzing them by the combustion method. The direct carburization through direct contact points is the major reaction and the gaseous carburization is the minor one. Coal char bearing pellets showed carbon contents much less than the others; less than 0.5 % in shell and increased with temperature at last exceeding solidus line at 1 300°C in core. Increase in the mixing amount of char showed no change in the carbon content. But roughening the char significantly increased the content. Coke bearing pellets showed carbon contents near to solidus line in shell and between solidus and liquidus lines in core. Graphite bearing pellets showed carbon content almost agreed with solidus line in shell and above liquidus line in core. Free particles of coke and coal char were observed to drop from the void formed inside reacted pellets at 1 300°C or more. Free graphite particles were never observed from reacted pellets in any conditions. Recommended conditions for melting the reduced iron at low temperature were proposed.
after the reactions just finished at 1 150-1 380°C were measured. From the results, the influence of temperature, kind and ash amount in carbonaceous materials and kind and gangue amount of iron ore was investigated and discussed.
In relevance to this study, the reduction curves and gasification curves during heating the composite pellets were shown in the following paper. Furthermore, the discussion about various phenomena is given in a separate paper, which includes the mechanism of carburization and coalescence of reduced iron particles, and the reason why the reduced iron particles do not melt until they are heated at more than 1 350°C or more.
Experimental
A Brazilian hematite as a low-gangue-content ore, Samarco ore, and an Australian hematite as a high-ganguecontent ore, Mt. Newman ore, were used as iron ore. A coal char produced from limonite, a metallurgical coke and graphite of a regent were used as carbonaceous material. The compositions of the materials used for preparing iron ore-carbon composite pellets are shown in Table 1 . The particle size range of the materials used was under the sieve opening of 45 mm. In some tests, the coal char particles of the size range from 53 to 106 mm were used to investigate the influence of the size range of the carbonaceous material on the reactions. In mixing iron ore with carbonaceous material, the molar amount of reducible oxygen in iron ore was made equal to the molar amount of fixed carbon in carbonaceous material. To the mixtures, one mass percent of Bentonite as binder was added to strengthen green pellets. The dried component materials were mixed by twisting a holder containing them for an enough time and then pelletized inside a rotating tire. The diameter of the composite pellets was as large as about 18 mm to minimize the influence of the atmosphere outside the pellets. The pellets were put in a drier held at 105°C for more than one day.
The equipment used in this study is shown in Fig. 1 . One composite pellet was descended from the top cold zone around 100°C to the hot zone preheated at a given temperature in 180 s in the vertical reaction tube where nitrogen of 1 L/min was upward flowing. The outlet gas from the reaction tube was analyzed by infra-red gas analyzer. After the finish of the reactions was confirmed by no detection of CO and CO 2 , the pellet was pulled up to the original cold zone and cooled in the flowing nitrogen. The heating time is shown in Table 2 .
The reacted pellets were cut into two hemispheres after the measurements of the weight and diameter. One hemisphere was used for chemical analysis of carbon and the other was mounted in resin for cross sectional observation. Before the analysis, the hemisphere was divided in a shell part and a core part by picking by an earpick-like tool. If picking was impossible, the whole part was named as the shell part. The heating experiments of one sample were conducted two times at each temperature. One of the two reacted pellets was cut into two hemispheres. Each hemisphere was into a shell part and a core part. Each part was pulverized in an alumina mortar and analyzed separately for carbon by combustion method. The other of the two pellets was ultrasonically cleaned after the pulverization and analyzed for carbon. The ultrasonic cleaning was made for removing the carbonaceous material particles attached. The cleaning was repeated several times exchanging the ethanol with fresh one until no muddiness of the ethanol by detached tiny carbon particles was attained. Table 1 . Chemical compositions of iron ore and carbonaceous materials used in this study (mass%). Table 2 . Heating time of the composite pellet at each temperature.
Fig. 1.
Experimental apparatus for heating by descending a composite pellet in nitrogen flow and analyzing the outlet gas by infra-red gas analyzer.
Experimental Results and Discussions
With the composite pellets bearing coal char or coke reacted at 1 300°C or more, a large void was formed inside the each pellet during the reaction and a significant amount of free particles of the coal char or coke was observed to drop out through a pore drilled in the shell.
Gasification Rate of the Carbonaceous Materials
As reported in the author's previous study, 9) the reduced iron is effective as a catalyst for the gasification reaction of the carbonaceous materials. The gasification rate of the coke used in this study was measured in 80%CO-20%CO 2 gas mixture by using 80 % electrolytic iron-20 % carbonaceous material composite pellets. The diameter of the pellets was as small as 3.5 mm in order to reduce the resistance of gas diffusion compared to the resistance of gasification reaction in the range permitted for the reliable weight loss measurement. The gasification curves, i.e. the relation between fractional gasification, F g , and time, t, were analyzed by applying the integrated rate equation for the first order reaction, i.e. Ϫln(1ϪF g )ϭkt. The gasification rate constant was estimated as the initial gradient in the plot of Ϫln(1ϪF g ) versus t. The estimated gasification rate constants, which are a function of the reaction gas composition and temperature, for the carbonaceous materials including the coke are compared in Fig. 2 as an Arrhenius type plot. The rate constant is distinctively different showing the order of the fastest coal charϾintermediate graphiteϾthe slowest coke. Since the gasification curves of graphite displayed a sigmoid shape, 10) the curves after the points displaying the maximum rates, which points were identified as the transition point in the sign from plus to minus for the second derivative of the curves, were analyzed. Therefore, the average gasification rate of the graphite is much less than the rate shown in Fig. 2 and probably rather near the rate of coke. Furthermore, the gasification rate of the coal char of Ϫ45 mm is slightly faster than that for the coal char of 53 to 106 mm, but the influence of the size is not so great.
Carbon Content of Reduced Iron in the Shell Part
Samarco ore-coal char composite pellets were heated in nitrogen flow until the reactions finished. The carbon contents of the shell part and the core part which were separated from the pellets and cleaned in ethanol under ultrasonic vibration or not cleaned are shown in Fig. 3 . By the ultrasonic cleaning, the carbon contents dropped only slightly with the shell at each temperature while extremely dropped with the core. The carbon content of the shell at 1 350°C is the average value of the whole pellet because the core part stuck too stiffly to the shell to be separated. The carbon contents of the shell parts are less than 0.5 mass% and much less than that of the solidus line between g-iron and Fe-C melt for Fe-C binary phase diagram. The closed circle marker at 1 250°C, the thick arrow and the open square marker at 1 300°C in Fig. 3 indicate that a composite pellet reacted at 1 250°C was consecutively heated up to 1 300°C at the rate of 10 K/min in N 2 flow. By this reheating, the carburization of the composite pellet progressed significantly.
By etching the cross sections of the reacted composite pellets with picric acid alcohol solution, the thin layer-bylayer morphology of pearlite was observed in the core part, but perlite was not observed in the shell part. The variation in the carbon contents with heating time is shown in Fig. 4 . Only with the pellet of the shortest heating time 280 s, the core could be separated and the pellets of the longer heating times were too stiff to be separated in the two parts. After 420 s, the average carbon content of the whole pellet is nearly constant, i.e. about 0.3 mass%. The results show that the coal char is consumed out until about 420 s because of the very fast gasification rate. Although much amount of carbon monoxide was formed, the carbon content is very low. From the results, the indirect carburization reaction through the gas phase, i.e. CϩCO 2 ϭ2CO, may make a minor contribution to the carburization of reduced iron.
Changing the combination of iron ore with carbonaceous material, the composite pellets of 18mm in diameter for Mt. Newman ore-coal char, Samarco ore-coke, Mt. Newman ore-coke and Samarco ore-graphite systems were heated in the nitrogen flow at the temperatures. The reacted pellets was evaluated by applying the integrated rate equation for the first order reaction to the gasification curves in 20%CO 2 -80%CO gas mixture for the coal char, coke and graphite mixed with electrolytic iron powder. were analyzed for carbon after the same preparation as the Samarco ore-coal char composite pellet. The carbon contents of the shell parts and core parts for the composite pellets are shown in Figures 5-8 , respectively. As can be seen in Figs. 3 and 5 for the coal char containing composite pellets, the carbon contents of the shell parts are as low as 0.20-0.30 mass% independent of the kind of iron ore, i.e. either Samarco ore or Mt. Newman ore. Regarding the reduced iron in the shell part, the carbon contents increased only slightly by the cleaning. That is, the carbon content remained at the time when the reactions just had finished was very low even before the cleaning comparing to the other carbonaceous materials bearing pellets. The low carbon content is supposed to have arisen from the fact that the gasification rate of coal char is much faster than the others. It is reasonable that the carbon content after the cleaning is very low. This indicates that more amount of CO gas was formed during heating the coal char bearing composite pellets than the others bearing composite pellets. Nevertheless, the carbon contents of the shells are much lower than the others. These experimental results suggest that the main carburization reaction may be the direct carburization reactions between reduced iron and solid carbon while the gaseous carburization reaction is a minor reaction. Regarding the reduced iron in the core part, on the other hand, the contents drop significantly by the ultrasonic cleaning.
The carbon contents when the reactions just finished for the composite pellets containing coke, which coke's gasification rate is much slower than the coal char as shown in Fig. 3 , are shown in Figs. 6 and 7. The carbon contents for Samarco-coke composite pellets shown in Fig. 6 are much greater than that of Samarco-coal char shown in Fig. 3 in either of the shell parts and the core parts. It is to be noted that the carbon contents shown in Fig. 6 are dependent on the heating temperature and decreases with increasing the temperature in disagreement with the coal char bearing pellets. The carbon contents of the shell parts shown in Fig. 6 are only slightly lower than the solidus line at 1 200 and 1 250°C although they are slightly lower than the line at 1 300 and 1 350°C. The closed circle and triangle markers at 1 300°C, the thick arrows and the closed and open square markers at 1 330°C in Fig. 6 indicate that a composite pellet reacted at 1 300°C were consecutively heated up to 1 330°C at the rate of 10 K/min in N 2 flow. By this additional heating, the carburization of the shell part and core part of the composite pellet progressed significantly. The carbon contents of Mt. Newman-coke composite pellets are shown in Fig. 7 . As similarly as the Samarco-coke composite pellet, the carbon contents for the Mt. Newman ore-coke composite pellets decreases with increasing the temperature locating slightly below the solidus line and also slightly below the corresponding contents for the Samarco-coke pellets. It seems that the high amount of the gangue materials in Mt. Newman ore did not affect the direct carburization through their direct contact. Mt. Newman ore was reported to be hardly carburized owing to the high and surface segregated gangue materials in the previous study, 4) where a much greater size range of the iron ore particles was used. The small size of Ϫ45 mm in this study may make the carburization insensitive to the gangue materials by newly created surface which was not covered by the gangue materials by crushing the original ore particles covered by the gangue materials.
Finally, Samarco ore-graphite composite pellets were tested as similarly as the others. As shown in Fig. 8 , the reactions proceeded even at as low temperature as 1 150°C and the carbon contents in the shell parts are in good agreement with the solidus line, which decreases with the temperature although the carbon content at 1 250°C is slightly lower than the solidus line. Even though the gasification rate of the graphite is very slow compared to the coal char, the reactions in the composite pellets seem to be relatively fast considering on the basis of the fact that the reactions finished within 17 min at 1 150°C. The fact suggests that the reactions of the reduction and the gasification proceed as direct reactions between solid iron oxides and carbon.
Carbon Content of Reduced Iron in the Core Part
The carbon contents of the core parts are compared to those in the shell parts for the same carbonaceous materials bearing composite pellets. The coal char bearing composite pellets showed a tendency for the carbon content to increase with increasing temperature from the much less content than the solidus line at 1 200°C to the slightly greater content than the line at 1 350°C, except the content at 1 150°C. On the contrary, the coke bearing composite pellets show a quite different tendency for the carbon content to locate between the liquidus line and solidus line and to decrease with increasing temperature for both of the composite pellets bearing Mt. Newman ore and Samarco ore. The contents with Samarco ore are a little greater than those with Mt. Newman ore. The graphite bearing composite pellets show much greater content of carbon than the liquidus line except at 1 150°C, namely much greater than the coal char and the coke, at 1 200 and 1 250°C.
At 1 150°C, the carbon contents of the shell and core agree nearly with the solidus line. Theoretically considering, it may be reasonable that the carbon content at temperatures less than the eutectic point temperature, i.e. 1 153°C in Fe-graphite binary system and 1 147°C in Fe-Fe 3 C system, can not exceed the solubility limit to g-iron, i.e. 2.1 mass% at the eutectic point temperature.
It is noted that the carbon content before the ultrasonic cleaning in ethanol was much greater than that after the cleaning for Samarco ore-coal char or coke composite pellets and, furthermore, that a certain amount of free particles of coke and coal char were observed to drop through a hole drilled through the shell from the void space whenever the void was formed at 1 350°C or more. At temperature less than 1 350°C, a number of small voids were formed in a composite pellet and the presence of free carbon particles was not clearly observed. With regard to graphite particles, there has never been observed free particles in or from the graphite bearing composite pellets heated at the tested temperatures, i.e. 1 250°C or less. Heating the composite pellets at more than 1 250°C, the reduced and carburized iron ore in the pellets partly melted to form droplets.
As shown in Fig. 3 , the carbon content in the core part for Samarco-coal char composite pellets after the ultrasonic cleaning is much less than the other carbonaceous materials and showed a tendency to increase with temperature, which temperature dependency is reverse with that for the other carbonaceous materials. On the contrary, the carbon content of the core parts before the cleaning decrease with increasing temperature, which temperature dependency is the same as that for the other carbon, and have the values between the solidus line and the liquidus line except the content at 1 350°C, which was the average value of the core and the shell. Since cleaning the cores in ethanol under ultrasonic vibration extremely decreased the value, it may conclude that the ability of the coal char to carburize the reduced iron is so poor that the carbon content is much lower than the solidus line. Consequently, it is deduced for the coal char that the carburization reaction in the core part may be controlled by the reaction step of the direct carburization and may increase with increasing temperature as similarly as the general theory for chemical reaction kinetics. Despite increasing the mixing amount of the coal char with Samarco ore to 25 mass%, the tendency for the carbon content in the core, which was cleaned in ethanol under the ultrasonic vibration, to increase with temperature was strictly kept as shown in Fig. 9 . In the Figure, at 1 350°C , the core was impossible to be separated from the shell and the carbon content as the mean value of a whole pellet is slightly below the solidus line. But a larger size range 53-106 mm of the coal char of mixing ratio mol(C)/mol(O)ϭ1 shows a quite different tendency for the content to be much greater than less than 45 mm in either of the core and the shell as shown in Fig. 10 . From the results shown in Figs. 9 and 10, the coal char seems to be much poorer in the ability to carburize reduced iron by the direct contact mechanism than the coke and graphite. Degree of crystallinity of carbon, i.e. graphite: nearly perfect crystal, coke: mixture of crystal and amorphous carbon and coal char: amorphous carbon, in the carbonaceous materials may control its proper ability to carburize reduced iron. By using coarse particles of the coal char, the ability to carburize the reduced iron seems to be significantly improved.
The free particles of the coal char and the coke which were excluded from among the small reduced iron particles were always observed in the void space formed inside the composite pellets at 1 350°C. The free particles seem to be very difficult to react with reduced iron particles due to the poor contact state and the direct carburization can hardly be expected. Thus, with regard to the coal char and coke, the reduced iron particles can be carburized up to the carbon content of the solidus line. Many reduced iron particles carburized up to near the solidus line may coalesce very rapidly to grow much larger particles, liberating the carbon particles from the surface of reduced iron and further carburization beyond the solidus line is made difficult. This sequence of mechanism for the carburization of reduced iron particles up to near the solidus line, the coalescence of the reduced iron particles and the detachment of the carbonaceous materials may limit the carburization up to near the solidus line.
The mean carbon content of a whole reduced iron pellet can be calculated by combining the individual carbon contents of the shell part and the core part, which are shown in Figs. 3 and 5-10, and their individual mass fractions. According to the experimental results for Samarco ore-coal char composite pellets, the mass of the core part is less than one third of the mass of the shell part at 1 250°C or more and about a half at 1 200°C or less. Thus, the mean carbon content of a whole composite pellet at the time when the reactions just finished should be only slightly above the content of the shell part.
Verification of Removing Attached Particles of the
Carbonaceous Materials from Reduced Iron Particles In this study, the individual reacted composite pellets were separated into two hemispheres and the hemisphere was separated into the shell part and the core part. The each part was pulverized and repeatedly cleaned in fresh ethanol under ultrasonic vibration until the ethanol did not become muddy with detached small carbon particles. It is essential to verify that most of the particles of the carbonaceous materials were removed from the reduced iron particles. In this study, the particles were thought to be removed to a satisfied level for discussing the reduction phenomena in the composite pellets by the following experimental fact; 1) The carbon contents of reduced iron particles for both of the shell parts and the core parts were nearly in agreement with the morphology, i.e. pearliteϩcemen-tite, pearlite, ferriteϩpearlite or ferrite. 2) The data points significantly exceeding the carbon content of the solubility limit of Fe-C melt at temperatures above the eutectic point, i.e. 1 153°C or of austenite at temperatures below the eutectic point are only the two points for the core at 1 150°C in Fig. 6 and the core at 1 200°C in Fig. 8.  3 ) Any carbonaceous material particles were not observed by a stereoscopic microscope on the reduced iron particles which were ultrasonically cleaned. 4) Generally considering, the wettability of graphite with carbon saturated molten iron and various compositions of slag is well known to be poor. 14) That is, in the system of molten iron and graphite plate, the contact angle of slag drops on the plate is usually greater than 90°. Therefore, the particles of coal char, graphite and coke are expected to be very easy to be liberated from the contact state with the reduced iron particles into ethanol by ultrasonic vibration.
Considerations

Carburization Mechanism of Reduced Iron Parti-
cles Based on the experimental results including the ones previously published, 9, 10) the characteristics concerning the relationship between the rate of reactions inside the composite pellets and the kinds of carbonaceous materials are the followings. As shown in Figs. 3, and 5-8, the carbon content of the reduced iron particles from the coke or graphite bearing composite pellets is always much greater than that from the coal char bearing composite pellets even at any heating temperature for not only the shell part but also the core part. That is, the rate of carburization reaction progresses independent of the gasification rate of the carbon. The carburization of reduced iron particles may be mainly achieved by the direct carburization reaction, i.e. C(s)ϭ[C], through direct contact of reduced iron with carbon in carbonaceous materials. The gaseous carburization by the reaction 2COϭ[C]ϩCO 2 may be supplementary.
In some previous studies, 1) even at temperatures more than 1000°C, the gaseous carburization, i.e. 2COϭ[C]ϩ CO 2 , is claimed to be the main reaction. On the other hand, some studies 14) insisted that the driving force for the carburization with CO gas decreases with increasing temperature and the carburization by the gaseous reaction becomes gradually minor. The shell part of the reduced iron formed in Samarco ore-graphite composite pellets melted even at 1 250°C 10) although the gasification rate of graphite is very slow. Namely, the carburization proceeded to enough extent to melt the reduced iron by the mechanism believed due to the direct carburization.
Means for Decreasing the Melting Starting Temperature
In the commercial ironmaking process, it is very important from the view point of saving energy to melt reduced iron at as low temperature as possible. A method for achieving the purpose can be figured out on the basis of the experimental results in this study. The carbon contents of shell part shown in Figs. 6-8 and 10 suggest various important points following; (1) selection of carbonaceous materials, (2) heating temperature, (3) size range of carbonaceous materials, and (4) secondly heating the reduced iron in the firstly heating. Taking these factors into consideration, the following means can be used; Using coke or graphite as carbonaceous material, you pulverize them carefully not to become too small. Balling the mixture of iron ore with the pulverized carbon, you produce as dense pellets as possible. You heat the pellets at mild temperatures of 1 200 to 1 250°C and later you reheat the reacted reduced iron pellets at a temperature more than 1 350°C.
Conclusions
The following conclusions were obtained concerning the reduction of iron ore, and carburization and coalescence of the reduced iron particles when iron ore-carbonaceous materials composite pellets were heated at elevated temperatures.
(1) After the shell parts and the core parts of reacted composite pellets were pulverized, they were ultrasonically cleaned repeatedly in fresh ethanol to remove the attached carbonaceous material particles. Thereafter, the parts were analyzed for carbon by the combustion method. This method permitted the measurements of average content of carbon dissolved in reduced iron. This method was very useful for taking knowledge about the average content of carburized carbon in reduced iron. Using this technique, the following conclusions were obtained.
(2) The carburization of reduced iron particles is assumed to be mainly made by the direct carburization reaction, C(s)ϭ[C], through direct contact points. The carburization via the gas phase seems to make only a minor contribute to the carburization of reduced iron.
(3) The carbon content from the coal char bearing composite pellets was much less than that from the other carbonaceous materials bearing composite pellets in either of the shell part and the core part. The reason why the coal char bearing composite pellets displays so small contents seems to be attributable to the very poor ability of the coal char to carburize the reduced iron by the direct carburization reaction. And, in the shell part, the very fast gasification reaction of the coal char decreased the remained amount in the shell part.
(4) With regard to the coke, the ability to carburize the reduced iron by the direct carburization reaction is much greater than the coal char. And, the carbon content of the shell part reaches near the solidus line and the carbon content of the core part is between the solidus line and the liquidus line. As a result, the carbon contents in the shell and core parts decreases with increasing temperature.
(5) With regard to the graphite, the ability to carburize the reduced iron by the direct carburization reaction is much greater than the coke.
(6) Heating the composite pellets containing the coal char or coke at 1 350°C ore more, the core part remarkably coalesced and started partially melting to form a large void inside the pellet and free carbonaceous materials particles, which dropped out from a hole drilled through the shell. Heating the composite pellets containing the graphite at 1 250°C, on the other hand, the core part remarkably coalesced and started partially melting to form a large void but free graphite particles were never observed.
(7) After iron ore-coal char or coke composite pellets were heated at elevated temperatures and the reactions finished in them, the reacted pellets were reheated up to a temperature higher than the first heating. The reheating of the reduced iron was very effective to carburize reduced iron to a high level.
(8) Even increasing the mixing ratio of the coal char with iron ore, the carbon content of reduced iron particles did not increase the carbon content independent of the heating temperature. On the contrary, increasing the size range of the coal char was very effective to increase the carbon content.
